Rajasekharan and Girgis reported that binary systems with intermetallic compounds of a particular crystal structure form a straight line on a map using Miedema's parameters. In this paper, the universality of that observation is examined. Observations from a study of 143 binary systems that crystallize in six different crystal structures at AB 3 composition are discussed. Prediction of concomitant and mutually exclusive structure types in binary metallic phase diagrams, and of phase transitions among different structure types, has been demonstrated. This behaviour is unexpected because Miedema's parameters are isotropic in nature and structural energies are generally assumed to be small. We argue in this paper that each point on the map stands for the energy of an unlike atom-pair (A-B) bond, with the bond energy remaining nearly the same at all compositions in the phase diagram. This argument is confirmed by comparing the nearest-neighbour (A-B) bond lengths for the compounds of the structure types CaCu 5 and CsCl, when concomitant with MgCu 2 structure type. This fact leads to an important conclusion that one can define a bond energy for the metallic unlike-atompair bond as is usually done for a conventional chemical bond.
I. INTRODUCTION
A large amount of experimental data exists in the literature on metallic alloy phase diagrams. A study of such data using the average properties or lumped constants for atoms such as electronegativity and valence can be expected to help frame laws which will be useful in predicting the outcome of experiments/ processes in laboratories and industries, without resorting to extensive calculations every time.
Miedema's semi--empirical theory [1] [2] [3] [4] for the heats of formation (ΔH) of metallic alloys is considered highly successful. It allows the prediction of the signs of ΔH with almost 100% accuracy. Miedema's equation is essentially empirical in nature with scope for reinterpretation of the physical meanings of the parameters and .
is called the 'work function' and , the 'electron density at the boundary of the Wigner-Seitz cell' of an element. The prediction of the crystal structures adopted by intermetallic compounds in binary systems has also interested scientists for a long time and they have worked essentially using structural maps with different pseudo-potentialderived or empirically derived parameters as coordinates [5] [6] [7] [8] [9] . Intermetallic compounds with different crystal structures were separated into different regions on such maps.
Some of the above approaches have been reviewed by Machlin 10 and others 11, 12 .
Rajasekharan and Girgis studied 13, 14 the behaviour of intermetallic compounds on structural maps with ∆ and ∆ 1/3 as coordinates (hereafter referred to as maps), where ∆ denotes the difference in the quantities between two alloying elements. Earlier attempts 15 to construct structural maps with the absolute values │∆ │ and │∆ 1/3 │ as coordinates were unsuccessful. It can be observed from binary phase diagrams that intermetallic compounds with a particular crystal structure are often accompanied by compounds with certain other crystal structures at other compositions.
It is also observed that compounds with certain crystal structure types do not occur Miedema's theory is supposed to be isotropic. Also, the structural energies are generally assumed to be small. Hence the observed systematics in the behaviour of binary systems on the map is not anticipated from the current understanding of the alloying of metals. The present paper evolved during our efforts to understand the above observations.
In the first part of this paper, we discuss various features exhibited by some of the structure types on the (∆ , ∆ 1/3 ) map. We then argue that the observations made on the map prove that the points on the map represent the energy of an unlike atom-pair bond A−B in an alloy, which remains nearly the same at all compositions in a binary system. We, therefore, propose that the metallic A−B bond is like a conventional chemical bond where the energy of the bond remains more or less the same irrespective of the functional groups attached to the atoms 17 . This conclusion is new and is rather unanticipated, and we confirm it further by comparing the first nearest neighbour unlike atom distances in structure types that coexist in binary systems. We have recently studied 22 all the structure types in which at least 5 intermetallic compounds crystallise (96 structure types in all with ~3000 intermetallic compounds), and found that the observations made by Rajasekharan and Girgis 13 are true for all of them. The data on the structures of intermetallic compounds that we have studied was collected from standard sources [23] [24] [25] . Various structure types dealt with in this paper are discussed briefly in Table I and a full description can be found in Pearson's book 26 . Our aim was to see whether for all the known structure types, the linear dependence between ∆ and ∆ 1/3 is true. We also studied the characteristics of the lines, their distribution on the (∆ , ∆ 1/3 ) map, the elemental combinations that make up the points in different regions of the map and examined as to whether it is universally true that the maps with (∆ , ∆ 1/3 )
II. MIEDEMA'S THEORY AND RAJASEKHARAN -GIRGIS MAPS
coordinates can predict concomitant and mutually exclusive structure types in phase diagrams.
Corresponding to a binary system A-B, there can be two symmetrically opposite points on the ∆ , ∆ 1/3 map: as the ' line' of the structure type. We note that the composition at which a structure type occurs does not enter into deciding its coordinates on the map; thus each point on the map represents a binary system and not a particular intermetallic compound.
We observed that out of the 96 structure types studied, 88 formed single straight lines on the map, the rest formed more than one line 22 . In this paper, we show in Fig. 1 , the lines of a number of structure types occurring at the composition AB 3 in binary metallic systems. The lines of slope ± / through the origin correspond to ∆ = 0 in Eq. (1) and the hyperbolae corresponding to / = 2.3 mark the boundary between the regions of negative and positive ∆ for − compounds. All the elements for which Miedema's parameters are available 1 are considered on the maps. The rule that the binary systems with a particular type of structure fall on a straight line is seen to be followed for all the structure types studied, with practically no compounds as exceptions. All the lines have a positive slope and the observed slopes are nearly + ( / ) as for the ∆ = 0 line.
Some of the observed characteristics of the lines are given in Table I .
In a given binary system, we can predict from Fig. 1 , using the elemental properties and , the structures that will be adopted by intermetallic compounds at 
III. SIGNIFICANCE OF SHORTEST UNLIKE ATOM-PAIR BOND
Miedema's equation predicts the signs of the heats of formation of both liquid and solid alloys 3 with ~100% accuracy suggesting that long range order has practically no role in deciding the signs of the heats of formation of metallic alloys.
We observe that binary systems having a particular structure type occur on a straight line on the map with a slope ≈ + / , and that this is true for all the structure types. When we consider all the compounds belonging to different structure types, the only common feature among them will be the interaction on a line joining the A and B atoms, i.e. the pair-wise interaction between the A and B atoms. Hence our observations on the map suggest that ∆ ∝ ∆ 1/3 with the proportionality constant ≈ + / , for the A−B pair-wise interaction.
In addition, we note that to accurately predict concomitant and mutually exclusive structure types in phase diagrams from the maps, no input needs to be made regarding the compositions at which the structure types occur. In a binary system A-B, irrespective of whether we are considering a compound occurring at AB, AB 2 , AB 3 (Fig. 3(a) 31 . The hypothesis that the energy of the nearest neighbour A−B bond plays an important role in deciding the heat of formation of alloys, and the conclusion drawn from the map that the A−B bond energy is nearly the same at different compositions in a binary system, would imply that the nearest neighbour A−B bond lengths would be nearly the same in different intermetallic compounds of the same binary system. We show in Table II that it is indeed so in all the 43 binary systems in which MgCu 2 type (Fig. 3(a) ) and CaCu 5 type (Fig 3(b) ) compounds coexist. The ratio of the shortest A−B bond lengths is uniformly close to 1.05. Such an effect is also demonstrated for all the 33 binary systems in which MgCu 2 and CsCl type compounds co-exist (Table III) . These observations support the physical picture that we have assumed.
IV. SUMMARY
By a study of all crystal structure types in which intermetallic compounds crystallise, we have observed that binary systems having intermetallic compounds with a particular crystal structure fall on a straight line on a (∆ , ∆ 1/3 ) map, where and are Miedema's parameters. The map can be used to predict possible structures adopted by intermetallic compounds in a binary system by observing lines corresponding to which structure types pass through the point representing that binary system on the map.
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FIG. 1 (color online)
. Examples of Rajasekharan-Girgis ( ) lines of some structure types occurring at the stoichiometry AB 3 are shown along with that of the MgCu 2 type occurring at composition AB 2 . We see that they all form straight lines with positive slopes nearly equal to that of the line that demarcates the regions of positive and negative heats of formation. By observing whether a binary system occurs on the line corresponding to a structure type or not, it is possible to predict whether that structure type can occur in the binary system. Also the structure types coexisting in a particular binary system have their lines passing through the point corresponding to that binary system. We can predict, for instance, from the above figure that if an MgCu 2 type compound occurs in a binary system at composition AB 2 , an SiCr 3 type compound will not occur at composition AB 3 . In the overlap region of AsNa 3 type and BiF 3 type, the compounds BiK 3 , BiRb 3 and SbLi 3 show structural transformations between the two structure types as a function of temperature 25 .
FIG. 2. (colour online)
The behaviour on a (∆ , ∆ 1/3 ) map of the lines of some structure types which are concomitant with the MgCu 2 type is demonstrated. The figure demonstrates the ability of lines to predict concomitant structure types. The line of BaAl 4 type and that of MgCu 2 type overlap in a region and the 7 binary systems that have both the structure types (at AB 4 and AB 2 compositions respectively) are seen as circular agglomeration of points, black online. We note that there is no binary system which has both the structure types outside the region of overlap anywhere in the map. BaAl 4 compounds at composition AB 4 are never accompanied by MgCu 2 compounds at composition A 2 B in the same binary system. We also see from the figure that the 24 binary systems in which both MgCu 2 and Si 3 Mn 5 type structures are concomitant occur only in the region where the RG lines of the two structure types intersect (seen as large circular points, black online). atoms are shown bigger (green online). There are 6 bonds of equal length to the atoms from each atom. In the compound CaCu 5 , the nearest neighbour Ca-Cu distance is 2.940 Å 32 .
